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Abstract	There	are	limited	options	for	rehabilitation	following	an	established	Spinal	Cord	Injury	(SCI)	resulting	in	paralysis.	For	most	of	the	individuals	affected,	SCI	means	a	lifetime	of	confinement	to	a	wheelchair	and	overall	reduced	independence.			 Brain-Computer	and	Brain-Machine	Interface	(BCI	and	BMI)	techniques	may	be	of	aid	when	used	for	assistive	purposes.	However,	these	techniques	are	still	far	from	being	implemented	in	daily	rehabilitative	practice.		 Existing	literature	on	the	use	of	BCI	and	BMI	techniques	in	SCI	is	limited	and	focuses	on	the	extraction	of	motor	control	signals	from	the	primary	motor	cortex	(M1).	However,	evidence	suggests	that	in	long-term	established	SCI	the	functional	activation	of	motor	and	premotor	areas	tends	to	decrease	over	time.		 In	the	present	project,	we	explore	the	possibility	of	successful	implementation	of	assistive	BCI	and	BMI	systems	using	posterior	parietal	areas	as	extraction	sites	of	motor	control	activity.		 Firstly,	we	will	investigate	the	representation	of	space	in	the	posterior	parietal	cortex	(PPC)	and	whether	evidence	of	body-centered	reference	frames	can	be	found	in	healthy	individuals.		 We	will	then	proceed	to	extract	information	regarding	the	residual	level	of	motor	imagery	activity	in	individuals	suffering	from	long-term	and	high-level	SCI.	Our	aim	is	to	ascertain	whether	functional	activation	of	motor	and	posterior	areas	is	comparable	to	that	of	matched	controls.			 Finally,	we	will	present	work	that	was	done	in	collaboration	with	the	Netherlands	Organisation	for	Applied	Scientific	Research	that	can	offer	an	example	of	successful	application	of	a	BCI	technique	for	rehabilitation	purposes.			 	
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2.1.3.2 Experiment	2	To	determine	whether	or	not	saccade	kinematics	varied	with	the	three	different	torso	positions	of	Experiment	1,	we	measured	saccadic	eye	movements	outside	of	the	scanner	using	 the	 same	 delayed	 saccadic	 eye	 movement	 task	 in	 10	 neurologically	 healthy	participants.	 While	 head	 position	 was	 fixed	 in	 a	 chin-rest,	 participants’	 whole	 body	under	neck	was	rotated	left	(20°	Torso	Left)	or	right	(20°	Torso	Right)	via	an	in-house	custom-built	 rotatable	 chair.	 The	 body	was	 facing	 straight	 in	 the	 third,	 Torso	 Center	condition.	The	head	was	always	facing	sagittal	vertical	and	therefore	this	 involved	the	same	protocol	as	was	carried	out	in	the	functional	MRI	scanner,	with	the	difference	that	the	participant	sat	upright.	Participants	generated	saccades	to	the	12	distinct	locations	around	the	clock	per	run	(total	time	per	run,	54	s)	and	thus	served	as	an	analogue	to	the	functional	MRI	 experiment.	 Five	 repetitions	were	 collected	per	body	orientation,	 thus	totalling	15	runs	per	participant.	Possible	kinematic	effects	of	 torso	rotation	on	Reaction	Time,	Amplitude	Error,	Angular	 Error,	 and	 Cartesian	 Error	 were	 all	 measured	 via	 in-house	 custom	MATLAB	code.	The	right	eye	was	tracked	(combined	pupil	and	corneal	tracking)	using	an	EyeLink	II	 eye-tracking	 system	 (SR	 Research,	 Ltd,	 ON,	 Canada).	 The	 EyeLink	 II	 has	 a	 spatial	resolution	 of	 <0.00001°	 and	 was	 used	 to	 record	 all	 of	 the	 Saccade	 Kinematics.	 	 The	system	utilizes	video-based	tracking	technology	to	calculate	the	pupil’s	position	in	orbit	
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Experiment 2 aimed to examine the effects of the same 20° torso rotations used in 
Experiment 1 on the accuracy and reaction time of saccades. The control experiment 
demonstrates that there was no effect of torso rotation on different saccade markers, Table 1.  
These data are for a separate, off-line experiment performed outside the scanner.  The 
participants’ torso was rotated by 20° via an in-house custom-built rotatable chair (refer to 






Reaction	Time		The	 effect	 of	 torso	 rotation	 on	 saccadic	 reaction	 time	was	 not	 statistically	 significant	(F(2,10)=	0.449,	p=	0.082,	η2=	0.168,)	nor	was	the	interaction	significant	between	torso	orientation	and	visual	field	(left	versus	right;	F(2,10)=	0.889,	p=	0.151,	η2=	0.302).	
	
Amplitude	Error		There	 was	 no	 significant	 main	 effect	 of	 torso	 orientation	 (F(1.027,	 5.137)=	 0.460,	p=0.532,	 η2=	 0.270)	 or	 visual	 field	 (F(1,5)=	 2.913,	 p=	 0.149,	 η2=	 1.076)	 on	 saccade	amplitude	 error.	 The	 interaction	 of	 torso	 orientation	 and	 visual	 field	 was	 also	 non-significant	(F(1.571,	7.855)=	0.280,	p=	0.504,	η2=	0.280).	
	
Angular	Error	Torso	orientation	did	not	show	a	significant	effect	on	saccade	angular	error,	 (F(1.723,	8.616)=	0.341,	p=	0.690,	η2=	0.148).	No	significant	 interaction	was	observed	 for	 torso	orientation	and	visual	field	(F(1.042,	5.212)	=	0.567,	p=	0.491,	η2=0.316).			
	






Average	delayed	saccade	Cartesian	Error	scores	 	 	Visual	Field	 Torso	Orientation	 Mean	(pixels)	and	Standard	Error	Right	 Right	 124.39	(12.81)		 Left	 144.50	(11.70)		 Center	 140.10	(18.26)	Left	 Right	 163.40	(19.81)		 Left	 141.60	(07.21)		 Center	 145.76	(11.47)	





























































































































eye	movements	for	targets	on	the	left	side	of	screen,	right	side	of	screen	or	whether	both	sides	required	real	movements	to	be	performed. After	each	run,	participants	were	given	the	chance	to	rest	and	stretch	for	as	long	as	needed.	This	also	allowed	to	alter	the	position	of	their	hand	before	the	start	of	the	new	run.	Because	of	this,	calibration	and	validation	were	performed	before	the	start	of	each	run. Participants	completed	a	total	of	16	runs	in	two	separate	sessions	with	at	least	a	one-day	break	in	between	to	avoid	excessive	fatigue. The	order	of	hand	position	(Right	or	Left),	target	direction	(clockwise	or	counter-clockwise)	and	priming	condition	(Imagined	Right,	Imagined	Left	or	Real)	was	pseudo-randomised	across	the	two	sessions	to	avoid	order	effects. The	MIQ-RS	II	was	then	administered	once	again	at	the	end	of	the	second	session. 
	
Data	analysis The	questionnaires	used	were	scored	following	their	specific	guidelines. The	EHI	was	scored	by	assigning	a	+2	to	items	where	a	strong	preference	to	the	right	hand	was	indicated	and	-2	if	strong	preference	to	the	left	was	reported	instead.	0	would	indicate	no	specific	preference.	A	final	handedness	result	was	then	calculated	by	using	the	following	formula:	100*((Right	-	Left)	/	(Right	+	Left))	(Oldfield,	1970).	As	a	result,	a	score	of	+100	indicates	a	strong	right-handedness,	-100	indicates	strong	left	handedness	and	0	indicates	complete	ambidexterity. The	MIQ-RS	II	was	scored	by	adding	the	values	reported	for	the	individual	subscales	(Kinaesthetic	and	Visual	imagery).	The	minimum	value	of	7	indicates	severe	
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difficulties	imagining	movements	whereas	a	maximum	value	of	42	indicates	a	highly	confident	imager. Raw	data	(.edf)	was	firstly	converted	using	the	EDF2ASC	translator	program	(SR	Research,	Ottawa,	Canada).	The	resulting	ASC	files	were	then	further	transformed	by	an	purpose-written	C	(Kernighan	and	Ritchie,	1978)	program	extracting	a	total	of	eight	metrics.	Target	Location	showing	the	target	displayed	out	of	the	12	possible	clock	positions;	Trial	Number,	showing	the	trial	associated	with	the	Target	Location	displayed,	from	1	to	48;	Saccade	End	Location	X	and	Saccade	End	Location	Y,	in	pixels,	determined	the	precise	location	of	each	eye	movement’s	end	point	registered	by	the	eye	tracker;	Saccade	Duration,	in	milliseconds	and	Saccade	Amplitude,	in	degrees	of	visual	angle,	showing	the	total	duration	and	amplitude	of	each	eye	movement	performed;	Reaction	Times,	in	milliseconds,	showing	the	time	difference	between	the	disappearance	of	the	confounding	annulus	(cue	for	the	participant	to	initiate	the	eye	movement)	and	the	start	of	an	eye	movement;	and	Tracked	Eye	defining	which	to	which	eye	the	specific	metric	belonged	to,	right	(1)	or	left	(2).	All	of	the	above	metrics	were	imported	on	an	.xls	file. We	then	imported	the	.xls	file	in	a	purpose-written	Matlab	(Mathworks,	Mastrik,	USA)	program. It	is	important	to	note	that	the	metrics	obtained	from	the	raw	data	included	all	eye	movements	performed	by	the	participants	for	both	eyes	and	in	the	time	window	occurring	from	the	disappearance	of	the	confounding	annulus	to	the	appearance	of	the	fixation	dot,	signalling	the	start	of	the	next	trial.	In	order	to	isolate	correct	memory	guided	saccades	to	the	cued	target	from	involuntary	saccades	or	wrong	eye	movements	we	applied	a	number	of	inclusion	criteria	and	filters	to	the	raw	data	based	on	both	stimuli-specific	and	literature	based	parameters	(Baloh,	Sills,	Kumley	and	Honrubia,	
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1975;	Wilson,	Glue,	Ball	and	Nutt,	1993;	Salvucci	and	Goldberg,	2000)	as	follows.	We	firstly	extracted	the	metrics	for	the	right	eye	only,	given	that	all	of	our	participants	showed	right-eye	dominance.	We	then	proceeded	to	apply	a	Saccade	Amplitude	threshold	selecting	all	those	eye	movements	falling	within	8	to	15	degrees	of	visual	angle.	Eye	movements	outside	of	this	window	would	likely	be	too	small	or	too	large	possibly	as	the	result	of	involuntary	retinal	oscillation	or	generally	incorrect	eye	movements	(Abel,	Troost	and	Dell’Osso,	1983). A	threshold	was	also	applied	for	Saccade	Duration,	discarding	eye	movements	with	abnormally	low	(<20ms)	or	high	(>200ms)	durations	that	would	likely	be	too	short	or	too	long	to	classify	as	a	correctly	executed	saccade	(Abel	et	al.,	1983).	Finally,	a	spatial	threshold	was	applied	on	the	x-axis	based	on	the	screen	resolution	and	target	location	effectively	discarding	those	eye	movements	with	end	points	not	corresponding	to	a	near-target	area.	For	the	specific	resolution	of	the	screen	hereby	used	we	selected	as	external	boundaries	pixels	from	1-44	and	980-1024	as	these	would	most	likely	be	eye	movements	directed	too	far	from	any	of	the	actual	targets.	Additionally,	we	applied	a	mid-line	boundary	rectangle	for	pixels	falling	between	420	and	604,	as	these	would	correspond	to	eye	movements	directed	at	the	centre	of	the	screen	and	to	targets	12	and	6,	as	these	are	not	specifically	aligned	to	either	left	or	right	visual	fields. In	the	case	of	multiple	eye	movements	satisfying	these	initial	filters,	only	the	one	falling	closer	to	the	actual	displayed	target,	and	therefore	more	accurate,	was	selected	and	the	others	discarded.	However,	it	is	important	to	notice	that,	because	of	the	high	strictness	of	these	filters,	on	some	occasions	not	all	targets	will	produce	data,	often	due	to	saccades	not	satisfying	the	amplitude,	temporal	and	spatial	criteria	at	the	same	time.	This	resulted	in	a	total	of	455	saccades	being	excluded,	9.2%	of	the	overall	data	collected,	resulting	in	a	total	of	4537	real	saccades	used	for	the	statistical	analysis. 
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To	allow	for	comparison	of	visual	fields,	we	then	separated	the	eye	movements	in	left	and	right	visual	field	based	on	the	target	location:	targets	and	the	associated	eye	movements	falling	before	Target	Position	“6”	constituted	the	right	visual	field	(rVF)	and	targets	falling	after	position	“6”	made	the	left	visual	field	(lVF). To	allow	for	investigation	of	the	priming	effect	of	real	or	imagined	eye	movements	on	execution	of	subsequent	real	eye	movements,	we	separated	eye	movements	based	on	the	specific	and	unique	cycle	they	were	executed	in.	To	reiterate,	participants	performed	four	cycles	around	the	clock	in	each	run.	Each	cycle	had	a	unique	occurrence	of	either	real	or	imagined	eye	movements	to	each	visual	field.	Participants	were	informed	at	the	beginning	of	each	cycle	on	what	kind	of	movement	they	had	to	perform.	We	therefore	separated	all	cycles	in	which	participants	performed	real	eye	movements	when	primed	by	the	execution	of	real	eye	movements	and	all	cycles	where	participants	were	instead	primed	by	execution	of	imagined	eye	movements. Finally,	to	investigate	the	effect	of	hand	position,	we	also	separated	data	based	on	the	location	of	the	hand	as	assigned	at	the	beginning	of	each	run. The	next	part	of	our	script	calculated	the	kinematic	errors	for	each	of	the	targets	that	produced	a	valid	saccade.	The	amplitude	error	was	defined	as	the	difference	between	the	distance	of	the	fixation	dot	(the	centre	of	the	screen)	and	the	actual	target	displayed,	in	pixels	(220),	and	the	distance	between	the	fixation	dot	and	the	saccade	end	point	on	the	x-axis	(Saccade	End	Location	X)	as	recorded	by	the	eye	tracker.	Positive	values	for	this	variable	would	mean	the	saccade	was	farther	away	from	the	centre	than	the	actual	displayed	target,	whereas	negative	values	would	identify	saccades	closer	to	the	centre.	The	angular	error	was	defined	by	the	difference	between	the	distance,	in	angles,	from	the	fixation	dot	and	the	displayed	target	and	the	distance	between	the	fixation	dot	and	the	recorded	saccade	end	point.	Positive	values	for	this	variable	would	
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	 Age	 Sex	 EHI	Score	 Injury	Location	 Injury	Year	
S1	 40	 M	 +	91.30	 C4	 2015	
S2	 29	 M	 +	100	 C4	 2010	
S3	 50	 F	 +	73.91	 C4	 2002	




	 Age	 Sex	 EHI	Score	
S1	 40	 M	 +	91.30	
S2	 29	 M	 +	100	
S3	 47	 F	 +	91.30	























































































































































































































































































































































































































































































Mental	Task:	Assume	the	starting	position	then	imagine	seeing	yourself	opening	the	same	door.	Rate	below.			1	 2	 3	 4	 5	 6	 7	Very	Hard	to	feel	 Hard	to	feel	 Somewhat	hard	to	feel	
Neutral	(not	easy,	not	hard)	
Somewhat	easy	to	feel	
Easy	to	feel	 Very	Easy	to	feel	
 
	
